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Introduction
The prediction of vision with a defined optical correction would be a great tool for manufacturers and clinicians to anticipate what a subject would see with his/her correction (e.g. contact lens, refractive surgery, IOLs, etc.). Several studies (Cheng, Bradley, & Thibos, 2004; Dalimier & Dainty, 2008; Legras & Rouger, 2008; Marsack, Thibos, & Applegate, 2004; Martin & Roorda, 2003; Yoon & Williams, 2002) already explored the capacity of numerical optical models to predict the visual performances (i.e. visual acuity and contrast sensitivity) or the visual performance loss with the introduction of aberrations. However, clinicians sometimes report a difference between the typical high-contrast visual acuity and the level of satisfaction of the patients specially when wearing multifocal contact lenses.
The effects of various optics on subjective vision have been already assessed in different ways (Fernández-Sánchez et al., 2008; Kim et al., 2012; Yi et al., 2011) and tried to be predicted using metrics. Granger and Cupery (1972) performed paired comparisons between a scale of previously sorted images and tested images to grade them. The authors defined a subjective quality factor (SQF) as the area under the MTF between 3 and 12 c/deg that well correlated (r 2 = 0.98) with the subjective rank of prints on a scale of ranked images measured with a pair comparison method. However, this methodology requires a lot of time to test multiple conditions since you need to compare every tested image within each other or with every image composing the scale. Mouroulis and Zhang (1992) tried to predict the subjective preference of images degraded with several levels of coma and astigmatism. They found that the area under the MTF between 5 and 24 c/deg was well correlated with the subjective preference. Chen et al. (2005) found that the neural sharpness could well predict (r 2 = 0.92) the subjective vision. The subject had to modify the quantity of a single aberration until the target was considered identical to a reference target blurred by a combination of 18 aberrations. However, it should be noticed that the appearance of blur varies with the induced single or combined aberrations involving difficulties to compare them. Legras, Chateau, and Charman (2004a) reported that, in presence of typical aberrations, the defocus term optimizing the subjective quality of vision (i.e. paired comparisons) could be predicted by the area under the MTF calculated between 5 and 15 cpd. Sawides et al. (2010) observed that 80% of the time subjects identified the targets as sharper (i.e. faces) while correcting the higher order aberrations. This proportion was correlated to the amount of initial aberrations.
In addition, the authors (Bénard, Lopez-Gil, & Legras, 2010; Legras, Bénard, & Lopez-Gil, 2012) attempted to predict the subjective depth-of-field (DoF), based on blur criterions detailed in the literature (Atchison et al., 2005; Ciuffreda et al., 2006) . However, they failed to predict the effect of aberrations on the subjective DoF.
This lack of predictability of the subjective DoF could be due to the criterion used to qualify the subjective vision itself (i.e. DoF), the metric used, or the model by itself. The last hypothesis can be rejected since Legras, Bénard, and Lopez-Gil (2012) obtained a good correlation (r 2 = 0.88) between subjective DoF measured with real optics (i.e. deformable mirror) and calculated images (i.e. thanks to the numerical eye model). In addition, the authors compared their results to almost 20 image quality metrics, which makes the hypothesis unlikely that the problem comes from the image quality metric used in the prediction. Thus, the subjective DoF would not be the best criterion to qualify subjective vision, maybe because it consists on a 2 choice task (acceptable or not), or because of the complexity of the task (contextual effects, etc.). Another way of quantifying subjective vision might the use of a rating scale. This methodology has widely been used in video quality assessment, which has led to the creation of a standard for subjective assessment (ITU-R, 1974 (ITU-R, -2002 . Subjective tests of this nature require observers to complete rating scales indicating the perceived subjective quality of the images.
In this study we measured the effects of various conditions of aberrations on subjective quality of images. We also attempted to predict these effects with image quality metrics derived from MTF and OTF. In a first experiment, we compared subjective image quality scores obtained when viewing images degraded by real optic (i.e. aberrations induced by a deformable mirror) or simulated images (i.e. convolution of the original image and the calculated point spread function).
Method
In this study, we performed two experiments. For both, we asked subjects to assess the subjective quality of calculated images on a continuous scale. We used an adaptive optics system (CRX1™, Imagine eyes) to dynamically correct subjects' aberrations. We assessed the capacity of 20 image quality metrics to predict the subjective assessment of images. The tenets of the Declaration of Helsinki were followed. After receiving a verbal and written explanation of the nature and possible consequences of the study, all subjects provided informed consent.
Experiment 1
Fourteen subjects aged between 22 and 38 (24.8 ± 4.1) were involved in this experiment. We induced 0.05 lm, 0.1 lm, 0.2 lm, 0.4 lm and 0.8 lm of defocus, oblique astigmatism, vertical coma, trefoil and spherical aberration SA4 and 0.05, 0.1, 0.2 and 0.4 lm of secondary spherical aberration SA6 with a 6 mm pupil size. The aberrations were induced using the mirror (i.e. mirror controlled condition), or by calculation (i.e. object controlled condition).
Experiment 2
Five of the 14 subjects of the first experiment, aged between 22 and 38 (27.2 ± 6.3), assessed through-focus (i.e. each 0.18D) quality of images in presence of À0.2 lm, À0.4 lm, À0.6 lm of spherical aberration (SA4), +0.2 lm of secondary spherical aberration (SA6) and combinations of À0.4 lm of SA4 and ±0.2 lm of SA6. The aberrations were induced by calculating the appearance of the target (see Section 2.2.1) on a 6 mm pupil size. The experiment was also performed without any induced aberration on a 3 mm and 6 mm pupil size.
2.2.1. Displayed image calculation (a complete description of the calculation has been previously published (Legras, Chateau, & Charman, 2004b) ) First, we calculated the retinal image, which was obtained by convolving the original image (0.4 log MAR high-contrast letters) with a filter (i.e. point spread function calculation) corresponding to an eye with chromatic aberrations, stiles-Crawford effect and the induced monochromatic aberration. The retinal images were calculated for a pupil size of 6 mm. The aim of the simulation is to display an image such as the final image on the retina of the viewer is the one we want to simulate (i.e., the retinal image described above should be on the observer's retina). The problem then, is that the image is degraded by the eye's optic, in addition to the calculation. This can be expressed by the following equation:
Image displayed Ã PSF observer eye ¼ Image original Ã PSF simulated eye where stars represent convolution. The result of the calculation convolving the object (i.e. original image) by the filter (i.e. PSF simulated eye ) is the required retinal image and is represented by the right side of the equation. However, if the observer directly viewed this ''retinal'' image on the display, the image on his or her retina would be additionally degraded by his or her own eye's optic (i.e. at least chromatic aberration and diffraction). Thus, the final image (retinal image) would be degraded first by the calculation and then by the eye of the observer. Obviously, a modified displayed image must be presented to the observer, as indicated in the left side of the equation. One way to overcome the problem of the undesired, additional blurring stage caused by the observer's eye consists of deconvolving the initial calculated retinal image by the observer's PSF to cancel out the unwanted degradation. The complete description of the method and its validation has been previously published (Legras et al., 2004b) . The monochromatic aberrations of the observer eye were not included in the deconvolution filter since they had been dynamically corrected using the mirror during the experiment.
Apparatus
We used a CRX1™ device (Imagine Eyes, France) to measure and correct subjects' wavefront aberrations. This adaptive optics system is composed by two basic elements which are the wavefront sensor and the deformable mirror.
The system optically conjugates the exit pupil plane of the subject with the correcting device, the wavefront sensor and an artificial pupil. The Shack-Hartmann wavefront sensor has a square array of 1024 lenslets. The wave-aberration measurements are made at 850 nm.
The wavefront corrective device is a deformable mirror using 52 independent magnetic actuators. The control of the deformable mirror surface is accomplished by a commercially available program (HASO CSO™, Imagine Eyes) which reshapes the deformable mirror from its normally flat surface to a shape that corrects the aberrations up to the 6th order (25 Zernike coefficients) (Fernandez et al., 2006) .
The subject viewed the target on a micro-display through the adaptive optics system and through an artificial pupil of 3 mm or 6 mm. The micro-display subtended a visual angle of 114 Â 86 arcmin with a resolution of 800 Â 600 pixels (pixel size = 0.143 arcmin). The display was linearized using a Topcon BM3 luminance meter. The mean luminance of the micro-display was 100 cd/m 2 .
The pupil centre was aligned with the optical axis of the set-up, and its position was maintained using the control hand wheel of the CRX1 device providing us a quick, smooth and fine adjustment. The CRX1™ device also has software that localizes the center of the pupil. The pupil position and size was monitored using a CCD camera. The subject's pupil was not artificially dilated since the experiments were performed in dim surrounding illumination providing a diameter higher than 6 mm.
The advantage of a dynamic correction is that the mirror will change its shape for any variation of the aberration pattern of the subject (e.g. tear film insatiability, small pupil decentration, oscillation of accommodation). The accommodative response to a stimulus will also be compensated by the mirror (Bénard, LopezGil, & Legras, 2010) . This procedure ensures a stability of the retinal image.
We used a target composed of three 0.4 log Mar (6/15) black letters (i.e. H, E, and V) on a white screen (high contrast), similar to the one used in previous studies (Bénard, Lopez-Gil, & Legras, 2010). 
Subjective assessment method
Subjects were asked to grade the quality of two images presented successively by putting a mark ''anywhere'' on a 10 cm continuous scale divided in five parts, of equal length. Those images were the tested target (i.e. degraded with aberrations) and the reference target, which had to be the best image of the sample (i.e. the naked eye condition). The effective gradation of the tested target was the difference between the mark of the reference target, and the mark of the tested one. We used the normal ITU-R five points quality scale. Every section was associated with a term for general guidance (Excellent, Good, Fair, Poor, Bad).
Prediction of the subjective image quality
To predict subjective image quality, we calculated 20 image quality metrics based on the radially averaged MTF or OTF (i.e. rMTF or rOTF). We calculated the cutoff spatial frequency, the area of visibility for the rMTF or rOTF, the area under the rMTF or rOTF normalized to diffraction-limited case between 1 and 60 c/d, between 3 and 12 c/d, between 5 and 15 c/d and between 5 and 25 c/d. We also calculated the Visual Strehl ratio for the rMTF or rOTF for the same ranges of spatial frequencies. However, those metrics could take values from 0 to 1 (i.e. normalization by the diffraction-limited eye), while image scores could take values from 0 to 5. In addition, the maximum value of the image quality metric did not necessarily correspond to the maximum subjective score. Indeed, an image quality metric value of 1 corresponds to a diffraction limited optic, which is not the case in this study, even with the dynamic correction of aberrations. Moreover, a range of image quality metric values could lead to quite ''perfect'' images that couldn't be judged differently meaning that all of them would obtain the maximum score (i.e. 5). The value of the image quality metric of the worst image graded by the best score (i.e. 5) will then be considered as the normalization factor (see equation below).
This equation means that every IQM initial that is lower than the normalization factor will have a predicted image score (i.e. IQM final ) lower than 5. Since the normalization factor was the last image scored as 5, every image with a subjective score lower than 5, would get a predicted image score lower than 5. On the other hand, every image with a subjective score of 5 will have a predicted score higher or equal to 5, and was standardized to 5.
The limit of this normalization happens for highly aberrated targets. Indeed, the image quality metric will tend to 0 but will never reach it. However, the subjective assessment will possibly reach 0, generating a difference between prediction and assessment for these images.
Results

Experiment 1
Intra-and inter-individual standard deviations of subjective assessments are illustrated in Fig. 1 , as a function of the average score for object controlled condition (dashed lines, empty dots) and mirror controlled condition (solid line, full dots). The average inter-individual standard deviation is 0.37 for the object controlled condition and 0.42 for the mirror controlled condition. The average intra-individual ones are respectively 0.27 and 0.36. These are lower than one step of measurement (i.e. 1) and similar for both conditions of measurements. The largest standard deviations were found for intermediate scores. Fig. 2 shows the effect of single aberrations on image score. This effect is larger for aberrations in the center of the Zernike pyramid and increase with the order of the aberration. Solid lines represent the mirror controlled condition and dashed lines the object controlled condition. Fig. 3 shows the correlation (A) and the Bland-Altman plot (B) of the relation between the object controlled and the mirror controlled conditions. The correlation shows a R 2 of 0.95 and the Bland Altman an average difference of À0.11 and a 95% limit of concordance of 1.07. Fig. 4 shows the through-focus image scores for all the tested aberrations and for every subject (solid lines). The dashed line represents one of the 20 tested image quality metrics (i.e. rMTF [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] : area under the radially averaged MTF normalized to diffractionlimited case calculated between 5 and 15 c/deg), which was normalized (i.e. normalization factor). The value of the normalization factor was 0.597 whatever the subject for the selected image quality metric. The addition of SA4 and/or SA6 reduced the best image score, and enlarged the curve, in other words, the depth of focus. Combinations of SA4 and SA6 of opposite signs produced a second peak on the curves, which induced an even larger depth of focus.
Experiment 2
The correlation (A) and Bland-Altman (B) plots for the comparison between measured and predicted image scores are shown on Fig. 5 . The correlation (i.e. r 2 = 0.92) compares the real value of the image quality metric to the image score. The Bland-Altman plot uses a normalized value of this same image quality metric (i.e. rMTF [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] ). The average difference is À0.10 and the 95% limit of concordance is 0.41.
Discussion
In experiment 1, the intra-individual standard deviation for the image-controlled condition was 0.27 and 0.36 for the mirrorcontrolled condition. This slight difference could be explained by the stability of the perception of the simulated images compared to the images degraded by the mirror where some slight fluctuations can be perceived. Indeed, adding a fair amount of aberration in addition to the dynamic correction tends to induce more fluctuation in the correction compared to a dynamic correction alone (i.e. used for the object controlled condition). The inter-individual standard deviations are very similar and inferior to 1, which can be considered as a step of measurement. The subjective gradation shows larger variation in the center of the scale than in the extreme parts (i.e. 0 and 5). This can easily be explained by the finite nature of this scale. Indeed, a strongly degraded image will not get a score lower than 0 while a medium image can be qualified by a score that will vary easily from subjects to subjects, or between measurements.
As expected, we observed a drop of the subjective image score with the addition of aberrations, with a larger effect for the aberrations in the center of the Zernike pyramid. This result has already been observed by several authors (Applegate, Sarver, & Khemsara, 2002; Rocha et al., 2007; Williams et al., 2000) , while measuring visual performances.
We obtained similar results using both methods to introduce the aberrations. The calculated r 2 was 0.95 (Fig. 3A) . The mean absolute difference between the two methods was 0.37, which correspond to a third of a step of measurement. The 95% limit of concordance was 1.05. Regarding these results, the object-controlled condition seems an alternative to the deformable mirror, to measure subjective image scores. Indeed, the measured scores are similar and this method induces a lower intra-individual variation.
The ability of using simulated images instead of real optic to evaluate subjective vision (e.g. level of defocus blur or subjective depth-of-focus) has been already proved (Legras, Chateau, & Charman, 2004a; Legras, Bénard, & Lopez-Gil, 2012) . Also, this was demonstrated for measurements of visual acuity in presence of defocus blur or blur threshold detection . This experiment confirms this result in term of image quality score.
In the second experiment we measured the effect of combinations of aberrations (i.e. sphere, SA4, SA6) using the object-controlled condition. An increased amount of SA4 reduced the maximum subjective image quality and enlarged the through focus curve ( Fig. 4C-E) , which can be assimilated to a larger DoF. The addition of SA6 has a similar but larger effect on image score (Fig. 4F ) and the combination of SA4 and SA6 in opposite signs creates a bimodality in the through focus curve (Fig. 4G ). This effect has already been observed on DoF (Bénard, Lopez-Gil, & Legras, 2011; Legras, Bénard, & Lopez-Gil, 2012; Yi, Iskander, & Collins, 2011) . However, when combining 0.4 lm of SA4 and 0.2 lm of SA6 with the same sign, the through focus curve did not vary much compared to 0.4 lm of SA4 alone (Fig. 4H ).
Compared to subjective depth-of-focus assessment using as an example the objectionable or troublesome blur criterion, the though-focus image quality score gives information of the quality of vision inside and outside the depth-of-focus. If a designer wants to change his criterion to a more restrictive one, he would just have to measure the width of the through-focus curve at this new level without the need to repeat the set of measurements of subjective depth-of-focus with another criterion. Fig. 4 also shows in dotted lines, the prediction of the subjective scores with the normalized rMTF [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . For high and medium scores, the prediction curves fit well with the measurements, but seem less accurate for the lower image scores. One could explain this inaccuracy by the normalization process. Indeed, as we showed it previously, the image quality metrics were normalized to fit for the best scores. Another explanation could be that only one image quality metric could not predict the entire panel of image quality and that a combination of image quality metrics could be necessary to predict good image quality as well as bad image quality. Another possible explanation is that the image quality metric used does not have into account neural transfer factors. Finally, one could think that the scale itself could be improved. One way to do so would maybe be to increase the number of steps for bad image quality. This solution would need further investigation and validation. However, in this study, we induced levels of aberrations that could be considered as unacceptable by a contact lens wearer. Probably, a more detailed scale in the bad image range wouldn't be necessary in clinical assessment of an optical correction quality.
The correlation between image score and one of the image quality metric is shown on Fig. 5A . The gray zone represents increase in image sharpness, which is not detected by subjects in term of image score. Increasing the image quality of the image past a value of around 0.6 (i.e. the normalization factor) of the image quality metric (i.e. rMTF 5-15 ) was not perceived by the subjects. However decreasing the image quality beneath this value induced a drop of the image score, with a r 2 of 0.92. However, the data in the Bland-Altman plot (Fig. 5B) shows a different tendency for the lower image scores and the higher image scores. This is in accordance with the previous observation that it seems difficult to anticipate the image score of a degraded image and a clear image with the same image quality metric. Even if predictions show some limitations, which should be investigated, the gradation of an image with image score could be a valuable and fast measurement to define subjective vision. This insight, in addition to visual performances measurements could help clinicians to understand and compensate patients' complaints in multifocal contact lens adaptation or refractive surgery for example. It should be also a very useful tool for the designers to improve their optical design, especially multifocal ones.
